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Purpose: The purpose exposure to hypoxia in high altitudes severely impairs the sleep
quality and the related cardiovascular regulation, including the blood pressure (BP) regula-
tion. BP regulation depends upon the continuous interaction of components over multiple
temporal scales. As such, the dynamics of BP fluctuation are complex, and BP complexity
has been linked to several pathological events. However, the effects of the exposure to
hypoxia on BP complexity during sleep remain unknown.

Methods: Twenty-five younger men naive to high-altitude sleep (apnea severity as assessed
by hypoxia apnea index (AHI): normal=8; moderate=9; severe=8) completed one nocturnal
sleep under each of the three altitudes: O (ie, baseline), 2000, and 4000 m. The sleep
characteristics and oxygen saturation (ie, SpO,) were assessed using polysomnography
(PSG). The beat-to-beat BP fluctuation was recorded using a finger-blood-pressure sensor.
Multiscale entropy (MSE) was used to characterize the complexity of systolic (SBP) and
diastolic (DBP) BP fluctuations, and lower MSE reflected lower complexity.

Results: Compared to 0-m condition, SBP (p=0.0003) and DBP (F=12.1, p=0.0002) com-
plexity, SpO, (»p<0.0001) and REM ratio (p<0.0090) were decreased, AHI was increased
(»=0.0004) in 2000-m and even more in 4000-m conditions. In addition, lower BP complex-
ity was associated with greater AHI (r=—0.66~0.52, p=0.0010), lower SpO, (1=0.48~0.51,
p=0.0100~0.0200) and lower REM ratio (r=0.48~0.52, p=0.0200). Participants with
greater percent reduction in BP complexity between altitudes had greater percent reduction
in REM ratio and SpO, (r=0.38~0.45, p=0.0090~0.0200), after adjustment for age, BMI,
baseline apnea and altitude.

Conclusion: These results suggested that the characterization of BP complexity may
provide novel insights into the underlying mechanisms through which the exposure to
hypoxia affects cardiovascular health during sleep, as well as sleep quality. This BP com-
plexity may serve as a novel marker to help the management of cardiovascular health and
sleep quality in high-altitude living.
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Introduction

Good sleep quality is important for maintaining normal regulation of numerous
essential physiological procedures, including the cardiovascular system. The expo-
sure to hypoxia in a high-altitude environment has been evidenced to largely affect
sleep quality, to induce severe sleep disturbances, such as insomnia, to be
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associated with problems in the cardiovascular system, and
to worsen the symptoms in some diseases, such as insulin
resistance in type-II diabetes mellitus.' > Studies have
shown that, for example, compared to sleep in the plain
level, people who are naive to high-altitude environment
often experience sleep problems, including less slow-wave
sleep (SWS), more sleep disturbances and higher apnea
hypopnea index (AHI) during sleeping at an altitude of
3500 m.® The exposure to hypoxia has also been linked to
the altered regulation of the cardiovascular system, such as
elevated blood pressure (BP) level in the daytime and the
altered control of sympathetic nervous system. However,
the effects of hypoxia on the characteristics of BP regula-
tion during sleep, which are closely related to sleep
quality,” are not fully understood.

Traditionally, the characteristics of BP were measured
based upon one single scale (eg, mean level and
variability).®* However, BP is regulated continuously by
a host of underlying physiologic procedures (eg, the
neural impulse and secretion of neurochemical transmit-
ters). These procedures interact with each other over mul-
tiple scales of time and space. The multiscale dynamics of
BP regulation are thus “complex,” containing patterns of
physiologically meaningful patterns that are self-similar
over multiple temporal scales.'®'® The degree of such
physiologic complexity, which cannot be appropriately
captured by those traditional metrics on one single scale,
can be quantified using methods derived from complex
systems theory. Multiscale entropy (MSE), for example,
quantifies the recurrence of patterns, or entropy, in phy-
siologic series at different scales of time or space.'®!’
Lower complexity of the dynamics in the system, as
quantified by MSE reflects poorer adaptability of the sys-
tem to stressors (eg, alteration from internal and external
factors) and functionality. Recently, studies have emerged
to characterize the complexity of the continuous BP fluc-
tuations at resting state, and have linked BP complexity to
several important functionalities and the risk of neurode-
generative disorders (eg, dementia).'?'*'> For example,
in a cohort of older adults, Jiang et al, observed that older
adults with hypertension had lower BP complexity com-
pared to normotensives, and lower BP complexity was
associated with slower walking speed and elevated white
matter lesions.'*'> These findings suggested that the char-
acterization of BP complexity may provide novel insights
into the pathological changes in cardiovascular system and
helps the management of diseases. Still, the influence of
exposing to hypoxic environment on the complexity of BP

fluctuations during sleep, and the relationship between BP
complexity and the sleep characteristics, eg, ratio of rapid-
eye-movement (REM) sleep stage, are unknown.

In this study, we measured the characteristics of sleep,
the oxygen saturation, and the continuous BP series during
sleeping in the conditions of different altitude levels (ie, at
0- (plain level), 2000-, and 4000-m conditions) in a group
of younger adults. We then used MSE to quantify the
complexity of the continuous beat-to-beat systolic (SBP)
and diastolic (DBP) blood pressure. Our primary hypothesis
is that compared to plain level (ie, 0 m), the sleep quality,
BP complexity, and oxygen saturation would decrease in
high-altitude conditions. Secondarily, as the participants in
the group had sleep apnea, we also explored the potential
effects of sleep apnea on BP complexity, and if the hypoxia-
induced changes in BP complexity would be associated
with the changes in sleep quality and oxygen saturation.

Methods

Participants

The sample size of participants was determined by the
results of one of our pilot studies showing that the differ-
ence in BP complexity was 7% and the conservative
assumption that the standard deviation of within-subject
change in BP complexity would be as high as 5%. We
estimated that complete datasets on 25 participants,
accounting for 20% attrition, would provide 90% power
to detect a mean difference of 7% between conditions with
0.05 type I error rate.

The inclusion criteria of the participant recruitment
were: (1) of age between 18 to 30 years; (2) “naive to
high-altitude sleep”, that is, living on the plain for the
lifetime without previous experience of living in high-
altitude areas; (3) willing and committed to complete all
the study procedures. Those who met any of the following
criteria were excluded: (1) any overt neurological diseases
(eg, Parkinson’s disease, stroke, or dementia); (2) severe
sleep problems as assessed by the score of Pittsburgh
Sleep Quality Index (PSQI) greater than 15; (3) hospita-
lized in the past three months; and (4) cannot understand
the study protocol. A total of 25 younger men (age: 19~27
years) were eligible to be enrolled in this study.

Ethics

All experimental methods and protocols were approved by
the Sports Science Experimental Institutional Review Board
(IRB) of Beijing Sport University and carried out in
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accordance with relevant guidelines (No. 2021052H). All
participants were informed about the study purpose and all
the important information regarding safety. Then they pro-
vided written consent in order to participate in this study.
None of the participants was aged under 18 years old.

Study Protocol

Each participant completed three study visits, each con-
sisting of one nocturnal sleep, under three different alti-
tudes of 0 (ie, plain), 2000, and 4000 m, respectively. The
sleep and BP assessments were completed in the hypoxic
room of the Hypoxic Training Laboratory at Beijing Sport
University. The room was designed to enable the adjust-
ment of oxygenation level in the air by using the centra-
lized oxygen filtration system (Low Oxygen Systems
GmbH, Berlin, Germany), thus simulating the hypoxic
environment at different altitudes. All the participants
completed the visits following the same order, that is, the
first night was at altitude of 0 (ie, the oxygen concentration
was set at 20.9%), then at 2000 m (ie, the oxygen con-
centration was set at 16.3%), and the third night at
4000 m altitude (ie, the oxygen concentration was set at
12.7%). To try to eliminate the potential carry-over effects
from the prior exposure to hypoxia condition, the first
and second nights were separated by one week, and
the second and third nights were separated by two weeks
following the design of previous studies.'”

Experimental Procedure of Sleep Test

On the day of each visit, participants were asked to keep
regular diet of meals, but not to take coffee and alcohol
within 12 h prior to the sleep test. They entered the study
room at 10:00 pm of the day and were then instrumented
with a 12-channel polysomnography (PSG) system
(SOMNOscreen™ plus PSG+, Randersacker, Germany).
The assessment of sleep characteristics was completed by
this system following the standard PSG procedure. The
metrics of sleep quality, including the ratio of the time at
each sleep stage (ie, Stage 1, Stage 2, and Stage 3, and
REM) to the whole sleep duration and the beginning and
end time of sleep, were obtained. The oxygen concentra-
tion in the room was set to that at 0, 2000-, and 4000-m
altitudes at the beginning of each visit, respectively. The
room temperature was maintained at 25°C. Then each
participant was asked to try to get into sleep before
12:00 am and was woken up at 8:00 am in the morning
of next day. Therefore, the length of the sleep duration was
ensured at least eight hours. During the sleep, the PSG

system recorded EEG signals by the scalp electrodes, and
measured the continuous BP fluctuation and oxygen
saturation (SpO,) by using a finger-clip sensor on the
middle finger of the left hand.

Data Analysis

The continuous beat-to-beat systolic (SBP) and diastolic
(DBP) blood pressure series during sleep were sampled at
100 Hz. The Domino™ software package (Somnomedics,
Wurzburg, Germany) derived the values of SBP and DBP
of each beat. This finger BP measurement technique was
validated against invasive brachial artery pressure.'> Large
variation or motion artifacts were observed in the begin-
ning and at the end of the sleep test. To ensure high data
quality (ie, signal-to-noise ratio) and remove the potential
weakening period before sleep and after wake-up, we
excluded the sampled points of BP in the first and
last hour from each original BP record based upon the
time stamps provided by the PSG system. Some outliers in
the BP series of which the value was greater or lower than
mean +2xstandard deviation (SD) of the series were then
interpolated by the mean of the whole BP fluctuation. All
of these preprocessed BP recordings were then used in the
following analyses.

Multiscale Entropy (MSE) on BP Series

The complexity of preprocessed SBP and DBP series was
then quantified using multiscale entropy (MSE). MSE
measures the multiscale dynamics in the pattern of phy-
siological series. In the procedure of MSE calculation, the
series were first divided into nonoverlapping windows of
length equaling a scale factor, t (ie, the “coarse-graining”
step), and then the sample entropies of each “coarse-
grained” series were calculated.'* Here we used scales
ranging from 1 to 40 data points. Thus, in the coarse-
graining process, the series at Scale 1 was the raw series,
that at Scale 2 was constructed by averaging every two
nonoverlapped points, consisting of half the number of
points in the raw series. Sample entropy is defined by the
negative natural logarithm of the conditional probability
that a time series, having repeated itself within a tolerance
r for m points (pattern length), will also repeat itself for m
+1 points without self-matches. The sample entropy of
each coarse-grained series in this study was computed by
choosing m=2 and r=15%, which was suggested by pre-
vious studies.'* The length of the BP series (ie, about eight
hours) met the standard practice for obtaining reliable
estimates of sample entropy. Finally, the BP complexity
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was defined as the averaged entropy across 40 scales.
Lower MSE reflects lower complexity.

Additionally, the mean BP level were also obtained and
used in the following analyses.

Sleep Characteristics

The metrics associated with sleep quality, including Apnea
Hypopnea Index (AHI), average SpO,, REM ratio, light
sleep ratio, and deep sleep ratio, were assessed by the PSG
system, and used in the following analysis.

Statistical Analysis

Statistical analyses were performed with JMP Pro 14 soft-
ware (SAS Institute, Cary NC, USA). The significance
level was set to p<0.05.

To examine our primary hypothesis, we used two-way
ANOVA models to assess the effects of hypoxia on com-
plexity of SBP and DBP during sleep. The dependent vari-
able was the SBP and DBP complexity in separate models.
The model factor was the altitude (ie, 0, 2000, and 4000 m).
Since age and BMI may affect the BP regulation, we
included them into the models as covariates. The effects
of hypoxia on mean BP level, sleep characteristics (ie, AHI,
ratio of REM, light, and deep sleep), and SpO, were also
examined using similar models.

Secondarily, the sleep apnea severity at baseline (ie, as
measured at 0-m condition) may potentially influence the
effects of hypoxic environment on BP complexity and sleep
characteristics, we thus categorized the severity of baseline
sleep apnea into “normal” (AHI <5), “moderate (5-30)” and
“severe (>30)” and used this categorical factor in the fol-
lowing models. Specifically, two-by-two ANOVA models
were used to explore the contribution of sleep apnea to the
effects of hypoxia on BP complexity. The dependent vari-
able of each model was the SBP and DBP complexity. The
model factors were altitude, baseline sleep apnea (ie, nor-
mal, moderate, and severe), and their interaction. Age and
BMI were also included as covariates in these ANOVA
models. Tukey’s post hoc analysis was used to examine
the location where the significance was shown between
conditions and groups. Similar models were also used to
examine the contribution of sleep apnea to the effects of
hypoxia on sleep characteristics and SpO,.

Next, to explore the relationship between BP complexity
and sleep characteristics, we used linear regression models to
test (1) if at baseline (ie, 0-m condition), the complexity of SBP
and DBP were correlated with those sleep-related metrics at
baseline; and (2) if the percent changes in BP complexity were

correlated with the percent changes of the sleep characteristics
from baseline to 2000- and 4000-m conditions. Similar models
were used to examine the relationships between mean BP level
and sleep-related metrics. All the regression models were
adjusted for age, BMI, and baseline sleep apnea severity.

Results

All the participants (age (mean +standard deviation): 23.1+£2.5
years) successfully completed the study visits without report-
ing adverse events. Table 1 showed the demographics, sleep
characteristics and BP metrics of the participants as measured
at different conditions. At baseline (ie, 0-m condition), eight
participants were categorized as normal, nine were with mod-
erate sleep apnea, eight were with severe sleep apnea. Between
these three groups, no significant difference was observed in
age, BMI, and baseline sleep characteristics (p>0.30).

The Effects of Different Altitudes and the
Severity of Sleep Apnea on on BP
Complexity

The ANOVA models of the primary analysis showed that
compared to 0-m condition, both SBP (F=11.4, p=0.0003)
and DBP (F=12.1, p=0.0002) complexity were decreased
at 2000-m and such decrease elevated significantly at
4000-m conditions, after adjusted for age and BMI. No
such significant effects of hypoxia on mean BP level were
observed (F<1.2, p>0.3200).

Similar results were observed in our secondary analysis.
The two-by-two ANOVA models demonstrated the main
effects of altitude and baseline sleep apnea severity on SBP
and DBP complexity. Specifically, compared to
0-m condition, the complexity of both SBP (F=8.2,
p=0.0009) and DBP (F=5.6, p=0.0007) significantly
decreased at 2000-m and 4000-m conditions (Table 1).
Significant effects of baseline apnea severity on SBP and
DBP complexity were also observed, that is, across three
altitude conditions, participants with more severity of sleep
apnea at baseline had lower complexity at high-altitude con-
ditions (F>5.5, p<0.0060). Tukey’s post hoc analyses
revealed that compared to 0-m condition, lower BP complex-
ity and lowest BP complexity were observed at 2000-m and
4000-m conditions, respectively; and compared to normal,
those with moderate sleep apnea had lower BP complexity
and those with severe apnea had the lowest BP complexity.
No significant interaction between the conditions and apnea
severity was observed. All these observed significant differ-
ences were independent from age, and BMI.
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Table 1 The Demographics, Sleep Characteristics and BP Metrics in Participants

Sleep Apnea Level

Total Normal Moderate Severe

(n=25) (n=8) (n=9) (n=8)

Age (years) 23.1+2.5 24.4+1.9 23.2+2.5 21.8+2.5
BMI 23.0+1.7 23.6t1.4 22.4+1.7 23.1+1.7
AHI 0 20.3+£27.17 2.5+1.1 9.9+3.5 47.5£33.1
2000 30.4+17.1° 28.2+19.8 29.6+13.4 33.6x18.6
4000 39.6117.4° 43.4£13.2 43.61£23.5 31.3£10.9
Light sleep ratio (%) 0 44.6t11.4 43.5£13.8 43.619.6 46.8%11.7
2000 42.4+£12.1 43.318.0 37.8%15.1 46.8%11.3
4000 42.1£11.8 47.0£11.9 35.6+10.3 44.6x11.3
Deep sleep ratio 0 24.0+12.8 2841 1.7 13.4+8.9 31.4£104
(%) 2000 27.8+9.4 31.1+6.8 20.2+8.2 32.948.1
4000 29.6+£10.4 30.4%11.4 25.8+9.9 33.119.9

REM ratio 0 10.2+5.8° 8.1+4.0 14£5.8 7.945.7
2000 8.0+4.9 ° 7.814.1 9.94+4.5 6.315.8

4000 6.214.4 5.0+4.0 8.2+5.2 5.143.1

SpO, 0 96.5+1.0° 96.4+0.9 96.6x1.5 96.6+0.4
2000 91.6+2.° 90.3+3.4 92.7+1.5 91.9+£2.0

4000 86.8+4.9¢ 84.414.3 86.8+3.3 89.316.1

Mean BP level 0 77.4%10.5 73.8%12.6 80.0+9.8 78.119.1
2000 70.5+10.6 71.019.2 70.3+9.7 70.3+13.9

4000 75.7+9.5 74.419.6 73.0£11.5 79.9+6.3
SBP complexity 0 1.28+0.28 1.3240.31 1.2940.25 1.25+£0.33
2000 1.20+0.38° 1.28+0.37 1.194£0.29 1.09£0.36
4000 1.12£0.35¢ 1.18+0.44 1.11£0.31 1.0940.27

DBP complexity 0 1.32+0.26* 1.34£0.33 1.311£0.23 1.2840.31
2000 1.24+0.34° 1.274£0.29 1.2240.33 1.19£0.46
4000 1.13£0.32¢ 1.194£0.36 1.131£0.26 1.11£0.29

Note: Different superscript letters (ie, a, b, and c) showed the significant difference (p<0.05) between conditions. Specificially, the a and b in REM ratio reflected p<0.01; and

the a, b, and c in AHI, SpO2, SBP and DBP complexity reflected p<0.001.

Abbreviations: AHI, hypoxia apnea index; SpO,, oxygen saturation; REM, rapid eye movement; SBP, systolic blood pressure; DBP, diastolic blood pressure.

The Effects of Different Altitudes and the
Severity of Sleep Apnea on Sleep
Characteristics

The models of primary analyses showed significant effects
of altitude on sleep apnea, SpO, and the REM ratio.
Specifically, compared to baseline (ie, 0-m altitude), the
AHI was higher at 2000-m, and highest at 4000-m condi-
tion (F=8.8, p=0.0004); the SpO, (F=72.1, p<0.0001) and
REM ratio (F=64.2, p<0.0090) were decreased at 2000-m
and 4000-m conditions. No effects of altitude on light and
deep sleep ratio were observed (F<2.3, p>0.2400).

The results of the secondary analysis also demonstrated
the main effects of altitude on SpO, (F=69.1, p<0.0001), and
REM ratio (F=3.7, p=0.0300); and the main effects of the
baseline sleep apnea severity on SpO, (F=4.4, p=0.0100),
light sleep (F=4.8, p=0.0100), deep sleep (F=9.2, p=0.0004)
and REM ratio (F=3.6, p=0.0300) (Table 1). Post hoc ana-
lyses revealed elevated changes in these metrics (Table 1).
Specifically, compared to 0-m condition, the SpO, was
lower at 2000-m condition and lowest at 4000-m condition
(F=55.1, p<0.0001); the ratio of REM period decreased from
10% to 8% at 2000-m, and further decreased to 6% at
4000-m condition (F=5.0, p=0.0090, Figure 1); compared
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Figure | The association between the complexity of BP and AHI, REM ratio and SpO, at baseline. Across all the participants, those with lower complexity of SBP and/or
DBP had greater AHI (ie, greater severity of sleep apnea) (A), lower ratio of REM (B) and lower SpO; level (C).

to normal, lowest level of SpO,, REM ratio, light sleep ratio,
and deep sleep ratio, and lower levels of these metrics were
observed in participants with moderate, and with severe
sleep apnea, respectively. A trend towards significance in
the effects of altitude on deep sleep ratio was also observed
(F=2.6, p=0.0800). No significant effect of the altitude on
the light sleep ratio was shown (F=0.5, p=0.6400), and no
significant interaction between altitude and sleep apnea on
these outcomes was observed (F<1.8, p>0.1100)

The Relationship Between BP Complexity

and Sleep Characteristics
The linear regression analysis adjusted for age, BMI, alti-
tude, and baseline apnea severity showed that at baseline,
the complexity of SBP and DBP was significantly corre-
lated with AHI, SpO, and the ratio of REM (Figure 1).
Specifically, participants with lower complexity of SBP
and/or DBP had greater AHI (SBP: r=—0.66, p=0.0010;
DBP: r=-0.52, p=0.0100), lower ratio of REM (SBP:
r=0.52, p=0.0200; DPB: r=0.48, p=0.0200) and lower
SpO, (SBP: r=0.51, p=0.0100; DBP: r=0.48, p=0.0200).
In addition, those with a greater percent reduction in
BP complexity from baseline to 2000-m and/or 4000-m
conditions also had a greater percent reduction in REM
ratio and SpO, level (r=0.38~0.45, p=0.0090~0.0200,
Figure 2), and this association was independent from
age, BMI, baseline apnea and altitude. No significant
association was observed between the percent change of
BP complexity and that in AHI (r<0.22, p>0.5100).

Discussion
In this pilot study, we quantified the multiscale dynamics
of continuous BP fluctuations in a group of younger adults

with normal to severe sleep apnea in different hypoxic
conditions. The results showed that (1) the elevated
hypoxia decreased the SBP and DBP complexity during
sleep and impaired the sleep characteristics (eg, increased
AHI), (2) the baseline sleep apnea may also alter the SBP
and DBP complexity, and (3) BP complexity and its
changes were associated with important sleep characteris-
tics (ie, SpO,, REM ratio, AHI) and their changes in
hypoxic conditions, respectively. These findings revealed
that the BP complexity may capture the physiological
changes in the cardiovascular system induced by hypoxia,
which are important to the regulation of sleep, and may
provide novel and unique insights into the underlying
mechanisms through which the exposure to hypoxia
affects sleep quality. This BP complexity metric holds
great promise to help optimize the management of cardi-
ovascular health and sleep when facing the challenges of
hypoxic exposure.

We here observed the effects of hypoxia on BP regula-
tion as characterized by BP complexity, that is, the BP
complexity is decreased when people suffering from exo-
genous (high altitude) and/or endogenous (sleep apnea)
hypoxia. The theory of physiologic complexity has linked
the degree of the complexity of the spontaneous fluctua-
tion in a given physiologic system to the capacity of this
system to adapt to both external and internal stressors. The
effects of both exogenous (ie, hypoxia due to high alti-
tudes) and endogenous (ie, sleep apnea) types of the stres-
sors on BP complexity are examined in this study. We
provide novel proof of its concept that the exposure to
hypoxia significantly diminishes BP complexity during
sleep, and the changes in BP complexity are associated

with the changes in sleep characteristics. Conversely, no
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Figure 2 The association between the percent changes in SBP and DBP complexity and the percent changes in REM ratio (A and B) and SpO, (C and D) due to the
exposure to high altitude. Participants with greater reduction in SBP and DBP complexity had greater reduction in REM ratio and in SpO,.

such significant relationship between traditional measures
of BP (eg, mean BP level) and sleep characteristics is
observed. These observations reveal that the interference
of these two types of stressors on the regulation of the
cardiovascular system pertaining to sleep physiology hap-
pens over multiple temporal scales, and the multiscale
dynamics of BP, as quantified by BP complexity, can
capture such important functional and physiological infer-
ence, while traditional measures based upon one single
scale cannot. It also suggests that this BP complexity
metric, as derived from a relatively short-term BP mea-
surement (ie, in several minutes in previous studies'>'*'>
or hours in this study), can help assess the subtle physio-
logical and pathologic changes in cardiovascular system
and help optimize the management of cardiovascular
health and the related functionalities (eg, walking
speed'?) in future’s clinics. It is interesting that in our
secondary analysis, no interactions between the high

altitude and sleep apnea on the BP complexity was
observed, which may be due to the small sample size in
this pilot study.

The oxygen supply and saturation are important for
maintaining fundamental activities of human beings,
including the regulation of sleep. The oxygen supply
depends upon the regulation of blood flow, including
blood pressure, in vascular systems. The BP regulation is
maintained by numerous neurophysiological components
that are interacting and communicating with each other
over multiple scales of time and space.'® The multiscale
dynamics of BP fluctuation, as assessed by a complexity
metric (such as the MSE we used here), may thus contain
critical information pertaining to those multiscale control
mechanisms. Herein for the first time, we characterize the
complexity of continuous BP fluctuation during sleep and
explored the association between BP complexity and the
level of oxygen saturation assessed by level of SpO,. It is
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observed that at baseline, BP complexity is associated with
SpO,; and their changes due to hypoxia were also asso-
ciated with each other, revealing that the multiscale
dynamics of BP fluctuation, as measured by complexity
of continuous BP, contribute significantly to one’s capacity
of oxygen saturation during sleep.

The pathophysiology of obstructive sleep apnea (OSA) is
multifactorial, including several physiological “traits”,'*°
such as poor upper airway anatomy that predisposes the air-
way, and diminished ability of the muscles to respond to
a respiratory challenge (eg, reduced oxygen in the high-
altitude conditions). Low threshold of arousal which may
cause the person to arouse from sleep, and a hypersensitive
ventilatory control system are often referred to as a system
with a high loop gain (LG). Multiple studies have shown the
interference of hypoxia on sleep quality. In a recent study,
Edwards et al, for example, demonstrated that in middle-aged
people (age>50 years) with OSA, the exposure to hypoxia
may worsen the sleep apnea by increasing LG and the arousal
threshold in addition to improving pharyngeal collapsibility.*’
Here we provided confirmatory and complementary evidence
that in a group of younger adults with and without sleep apnea,
the exposure to exogenous hypoxia (ie, high altitude) elevated
the grade of AHI; and both exogenous and endogenous
hypoxia significantly alter the sleep characteristics, including
reduced deep sleep and REM stage ratio.

These results also suggest that rehabilitative strategies
for cardiovascular health in those with sleep apnea may be
optimized by targeting the multiscale dynamics of BP
fluctuation. Recent studies have shown that the loss of
physiologic complexity is not obligatory but can be
restored with appropriate interventions.'®**** Zhou et al,
for example, showed that using sub-threshold vibratory
stimulation on foot soles may enhance the foot-sole tactile
function and thus improve the complexity of standing
postural control.?® Future studies are thus worthwhile to
explore the effects of interventions (eg, continuous posi-
tive airway pressure) on the complexity of BP fluctuation
during sleep, and to examine if an increase in the BP
complexity during sleep is associated with improvements
in sleep quality in patients with sleep apnea.

Several limitations should be noted in this pilot
study. Only 25 younger men were recruited. The gender
bias should also be noted. Therefore, future studies with
a large sample size and matched number of men and
women are needed to confirm the findings in this study.
The characteristics of the cerebral blood flow during
sleep are also needed to be measured in future studies

to help us better understand the potential pathway
through which the abnormality in the cardiovascular
system affects the cerebral function in those suffering
from sleep apnea and those exposed to high-altitude
hypoxia.

Nevertheless, this pilot study provides a novel mea-
sure of the BP regulation (ie, BP complexity) during
sleep and the preliminary evidence of the effects of
hypoxia on BP regulation, and of the association
between BP complexity and oxygen saturation and
sleep characteristics. These observations indicate that
BP complexity may be a novel marker that can help
us understand and manage the influence of hypoxia on
sleep.
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